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receiving differential input signals, an output stage for
outputting differential output signals at the drains of a first
output transistor and a second output transistor, a tail current
transistor coupled to sources of a first input transistor and a
second 1nput transistor, a common mode feedback circuit
coupled to the differential output signals and outputting a
common mode output signal, and a circuit element coupled
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source follower transistor. In additional embodiments a
phase margin of the common mode feedback open loop gain
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TELESCOPIC AMPLIFIER WITH
IMPROVED COMMON MODE SETTLING

RELATED APPLICATIONS

This patent application 1s a continuation of U.S. patent
application 14/470,682, filed Aug. 27, 2014, and claims
priority to India Provisional Patent Application No. 3826/

CHE/2013, filed Aug. 28, 2013, both of which are incorpo-
rated herein by reference in their entirety.

TECHNICAL FIELD

The embodiments relate generally to the use of telescopic
amplifiers. Applications of telescopic amplifiers include, for
example, 1n analog to digital conversion using pipelined
topologies with residue amplifiers, although the telescopic
amplifiers are also used in additional applications. The
embodiments advantageously provide improved common
mode settling performance in telescopic amplifiers without
substantially 1increasing circuit complexity, and without
Increasing power consumption.

BACKGROUND

Recent improvements for amplifiers used 1n analog signal
applications such as analog to digital conversion include the
use of telescopic amplifiers. Telescopic amplifiers provide
relatively high frequency response with relatively low
power. These telescopic amplifiers are therefore attractive
for a variety of applications, particularly and increasingly for
portable devices where low power 1s an 1mportant require-
ment. In an application, within a pipelined analog to digital
converter (“ADC”) circuit topology, telescopic amplifiers
are 1ncreasingly used as the residue amplifier. In the pipe-
lined ADC, for each of a plurality of stages, the analog input
signal 1s converted to one or more digital bits that approxi-
mate a magnitude of the analog signal, e.g. the input signal
1s quantized. The digital bits of the output are then converted
back to an analog signal using a digital to analog converter
(DAC), and the converted quantized signal, now an analog
voltage corresponding to the quantized value, 1s subtracted
from the input signal. These functions are commonly per-
formed using a switched capacitor circuit known as a
“MDAC”, or multiplying digital to analog converter. The
residue, which 1s the difference between the input signal and
the analog to digital converted version of the quantized
digital output signal, 1s then amplified 1n a residue amplifier.
The amplified residue signal 1s used as the input signal for
the next stage of the pipelined ADC converter. In this
manner the input analog signal 1s successively converted to
a multiple bit digital representation in pipelined ADC stages.
While other amplifiers can be used 1n the pipelined ADC,
telescopic amplifiers are increasingly used as the residue

amplifier. Additional discussion of telescopic amplifiers may
be found, for example, 1n U.S. Pat. No. 6,529,070, entitled

“Low Voltage Broadband Telescopic Amplifier”, which 1s
co-owned with the present application, and which 1s hereby
incorporated 1n its entirety herein by reference.

FIG. 1 depicts, 1n an example simplified circuit diagram,
a telescopic operational amplifier circuit 10 of the prior art.
In FIG. 1, circuit 10 has a terminal INP for receiving a
positive differential signal arranged with a terminal INM for
receiving a complementary differential mmput signal. An
input stage 1s formed by transistor MNINP, with a gate
coupled to the positive mput terminal INP, and transistor
MNINM having a gate coupled to the complementary 1nput
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2

terminal INM. The mput stage transistors MNINP and
MNINM have their respective source regions coupled
together to form a common source terminal. The common
source from the two mput transistors MNINM and MNINP
1s coupled to the drain of the tail current transistor,
MNTAIL.

A cascode output stage 1s formed by transistors MNCASP

and MNCASM. Each of these output stage transistors has a
gate coupled to the cascode bias voltage CAS_BIAS. The
current sources IP and IM supply bias current to the drain
terminals of the transistors MNCASP and MNCASM. These
current sources IP=IM=I, where I 1s the bias current of the
circuit stage. Each of the output stage transistors MNCASP
and MNCASM has a source that 1s coupled to the drain of
the respective one of the mput stage transistors MNINP and
MNINM.
The circuit 10 has differential output terminals OUTP and
OUTM for transmitting positive and complementary difler-
ential output signals to the next stage of the circuit. The
output terminals OUTP and OUTM are coupled to the drains
of MNCASP and MNCASM, the differential output transis-
tors. In order to illustrate the operation of the circuit 10, the
sampling portion of the next stage circuit 20 1s depicted. A
switched capacitor circuit, the sample stage circuit 20
includes the clocked switches implemented by transistors
MNSWIP and MNSWIM. When the clock signal CLK 1s
true, or at a high voltage, the gates of these switches are
coupled to the CLK signal, and the transistors MNSWP and
MNSWM couple the output terminals OUTP and OUTM to
the sample capacitors CP and CM 1n the switched capacitor
sample circuit 20. The sampled values are then available for
a later transfer into the next stage circuit (not shown).

In FIG. 1, a common mode feedback circuit 30 1s
depicted. This common mode feedback circuit 30 1s another
switched capacitor circuit formed of transistors MN1, MIN3,

MNS5, and MN2, MN4, MN6, and capacitors CRFP, CRFM,
CCMFBP, CCMFBN. The mputs are common mode refer-
ence signals REFCM and a bias signal BIAS. The clock
signal CLK and the inverted clock signal CLK_BAR are
non-overlapping, complementary clocking signals. When
the CLK_BAR signal 1s high, or true, the transistors MIN2,
MN4 and MN6 act as closed switches and the capacitors
CRFP and CRFM have the voltage REFCM-BIAS across
them. When the CLK signal 1s true, or high, the common
mode feedback capacitors CCMFBP and CCMFBN are
shorted to the capacitors CRFP and CRFM, which store the
common mode reference voltages. Input terminal REFCM
fixes the output common mode of the amplifier to a common
mode reference mput voltage. The differential output termi-

nals OUTP and OUTM of the telescopic amplifier are
coupled to the capacitors CCMFBP and CCMFBM to form
the common mode feedback path of the telescopic amplifier
10. The common mode feedback circuit has an output at
node CMOUT.

The gate of the tail current transistor MNTAIL 1s coupled
to the common mode feedback circuit at node CMOUT. In
this manner a common mode settling current (shown as Icm
in the figure) flows through the tail transistor MNTAIL. The
common mode settling current Icm should be equally shared
between the two branches of the diferential circuit, shown
as currents Icm/2 1n FIG. 1. Diflerential settling current Idiil
1s also shown. Note that 1n the circuit diagram of FIG. 1, the
input stage and output stage transistors MNINP, MNINM,
MNCASP, MNCASM, are each 1llustrated as formed using
N type MOSFET transistors, and the tail transistor MNTAIL
1s also shown as formed using an N-type MOSFET transis-
tor. However, one skilled 1n the art will recognize that other
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transistor types including P-type MOSFET transistors could
be used 1nstead of the N-type MOSFET transistors shown in
this 1llustrative example, the substitution could be made to
replace the N type MOSFET transistors with P type MOS-
FET transistors, and in other respects, the circuit topology
and functions of the telescopic amplifier circuit 10 would
remain the same.

The telescopic amplifier circuit 10 of FIG. 1 may be used
with a pre-amplifier (not shown for simplicity) in a residue
amplifier for an ADC circuit to provide relatively high gain
bandwidth at relatively low power. However, the common
mode settling characteristics of the prior art telescopic
amplifier 10 shown 1n FIG. 1 are poor. The common mode
teedback loop bandwidth 1s low when compared to the
differential bandwidth; typically 1t 1s 42 to Vard of the
differential bandwidth.

As can be seen 1n FIG. 1, the next stage sampling circuit
20 will receive the common mode and differential current
when CLK 1s high. The transistors MNSWP and MNSWP in
sampling circuit 20, also shown here as N-type MOSFET
transistors, have resistances which, ideally, are perfectly
matched. However 1n an actual physical circuit the resis-
tances of these two transistors will not match perfectly due
to process, temperature and voltage variations (PV'T). Due to
the resistance mismatch of these sampling transistors, poor
common mode current settling may lead to an error in the
sampling circuit 1n the next stage. That 1s, a differential
current error may occur due to the presence of a common
mode settling current.

The common mode feedback loop of the circuit of FIG. 1
1s eflectively a single pole system. Using a circuit analysis
that neglects diflerential mode signals and that i1s for the
common mode signals only, the common mode feedback
loop gain expression for the structure 1n FIG. 1 1s:

LPG=(P*Gmntail/(2C;s+gd))

Where: p=C,/C ,+C.,, s, and gd=the output conduc-
tance of one arm of the telescopic structure, which 1s very
small, and Gmntail 1s the transconductance of the tail
transistor MNTAIL.

From Equation 1, 1t can be seen that the transier function
tor the loop gain, for common mode, 1s a single pole system
with a pole located at:

(Equation 1)

Pl=gd/C;(radians/second). (Equation 2)

P1 1s the single, dominant pole in the common mode
teedback transter function. In this analysis, the cascade pole
and the pole due to the mput transistors were neglected, as
these poles will be fractions of 1, of the corresponding
transistors, and will be located far from the common mode

teedback unity gain bandwidth, w,,,,.
The capacitance C_.,, can be determined as:

C 1/~(CCMFBP+CCMFBM+CRFP+CRFM),

where CRFP=CRFM and CCMFBP=CCMFBM.
The tail capacitance C.,,, can be determined as:

(Equation 3).

Crp=CROUITP+CopsranntCeppmiiers (Equation 4)

where CROUTP 1s a parasitic routing capacitance (as indi-
cated by the dashed lines used to represent it in FIG. 1), and
Ceansrsr and C . -7 7 =5 are the gate to source capacitance
and gate to drain (including Miller eflect) capacitances of the
tail transistor MNTAIL 1n FIG. 1.

The load capacitance C; can be determined as:

C;=COUTP+CF, COUTIM+CM,

where: COUTP=COUTM are the parasitic routing capaci-
tances at the output of the telescopic amplifier, (as

(Equation 5)
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shown by the dashed lines used to draw these capaci-
tors 1n FIG. 1) and the capacitors CM and CP, as shown
in FIG. 1, are part of the sampling circuit 20 that 1s for
the next stage. The sampling time constant 1s small
compared to the time 1/w,,,,.
Taking these factors into account, then, the umty gain
bandwidth w,,, tor the common mode feedback loop can be
determined as:

W, o»—PCmutail/2C;. (Equation 6)

As discussed above, the sampling transistors MNSWIP
and MNSWIM of the next stage sampling circuit 20 1n FIG.
1 may have resistances that are not equal. The resistances
may be mismatched due to process variations, temperature
dependence varnations, and/or a variation in voltage swing.
If the common mode settling for the circuit 10 1s poor, then
a current due to common mode settling may produce a
differential voltage across these sampling switches and
generate a sampling error in the sampling capacitors CP and
CM. This error may not be acceptable 1n a particular circuat,
in the high resolution residue stage for a pipelined ADC
circuit, for example. The common mode settling current may
appear as a differential current to the sampling stage, causing
CITOr.

One known approach to this problem 1s to try to precisely
match the sampling transistor devices, MNSWIP and
MNSWIM, to reduce the resistance mismatch, by tightly
controlling the process, voltage and temperature (PVT)
corner. This 1s very diflicult to do 1 advanced semiconduc-
tor processes, and can reduce device yield, increasing the per
device costs. Another known approach 1s to try and reduce
the common mode current by improving the common mode
teedback settling. The unity gain bandwidth w,_, could be
increased but at the cost of extra power 1n the telescopic
structure. However, increasingly the applications for the
telescopic amplifier are for portable devices, which are often
battery powered devices, thus this increase 1n power con-
sumption 1s also undesirable.

Improvements 1n the common mode settling characteris-
tics for telescopic amplifiers are therefore needed to address
the deficiencies and the disadvantages of the known prior
approaches. Solutions are needed that do not require addi-
tional power, and which do not negatively impact the noise
performance and the differential settling performance of the
telescopic amplifier circuits.

SUMMARY

The embodiments provide telescopic amplifier circuits
with improved common mode settling characteristics. In an
embodiment, a telescopic amplifier includes an put stage
for receiving differential mnput signals, an output stage for
outputting differential output signals at the drains of a first
output transistor and a second output transistor, a tail current
transistor coupled to sources of a first input transistor and a
second 1nput transistor, a common mode feedback circuit
coupled to the diflerential output signals and outputting a
common mode output signal, and a circuit element coupled
between the common mode output signal and a gate of the
tail current transistor. In an embodiment the circuit element
1s a resistor. In another embodiment the circuit element 1s a
source follower transistor. In additional embodiments a
phase margin of the common mode feedback open loop gain
of the amplifier 1s determined by the value of the resistor.

In the embodiments, a telescopic amplifier further
includes an 1mput stage comprising a first input transistor
having a gate terminal coupled to a positive mput terminal,
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and a second 1nput transistor having a gate terminal coupled
to a complementary mput terminal; an output stage com-
prising a first output transistor having a source coupled to a
drain of the first input transistor and having a first current
source coupled to a drain of the first output transistor, and a
second output transistor having a source coupled to a drain
of the second 1nput transistor, and having a second current
source coupled to a drain of the second output transistor, a
first output terminal coupled to the drain of the first output
transistor, and a second output terminal coupled to the drain
of the second output transistor, the first and second output
transistor each having gates coupled to a bias voltage
terminal; a tail current transistor having a drain coupled to
a common source node coupled to the source of each of the
first and second 1input transistors, having a source coupled to
a ground potential, and having a gate terminal coupled to a
tail gate node; a common mode feedback circuit having a
first feedback mput coupled to the first output terminal, and
a second feedback imput coupled to the second output
terminal, and having a common mode reference signal input;
and having a common mode output; and a resistor coupled
between the common mode output and the tail gate node.

In further embodiments, the telescopic amplifier includes
a switched capacitor sampling circuit coupled to the first
output terminal and to the second output terminal, and
having a first sampling transistor and a first positive output
capacitor coupled to sample the voltage at the first output
terminal, and having a second sampling transistor and a first
complementary output capacitor coupled to sample the
voltage at the second output terminal, responsive to a clock
signal coupled to the gates of the first sampling transistor
and the second sampling transistor.

In still another embodiment, 1n the telescopic amplifier,
the common mode feedback circuit further comprises a
switched capacitor circuit. In additional embodiments the
common mode feedback circuit further comprises a first
transistor coupled between the first output terminal and a
first plate of a first sample hold capacitor; a second transistor
coupled between a reference common mode 1nput and the
first plate of the first sample hold capacitor; a third transistor
coupled between an common mode output signal and a bias
node that 1s coupled to a second plate of the first sample and
hold capacitor; a fourth transistor coupled between the bias
node and a bias voltage input terminal; a fifth transistor
coupled between the second output terminal and a first plate
of a second sample hold capacitor, the second sample hold
capacitor having a second plate coupled to the bias node; a
sixth transistor coupled between the reference common
mode mput and the first plate of the second sample hold
capacitor; a first common mode feedback capacitor having a
first plate coupled to the first output terminal, and a second
plate coupled to the common mode output; a second com-
mon mode feedback capacitor having a first plate coupled to
the second output terminal and a second plate coupled to the
common mode output; the second, fourth and sixth transis-
tors each having a gate coupled to an inverted clock signal,
and the first, third and fifth transistors each having a gate
coupled to a clock signal, the clock signal being non-
overlapping with the inverted clock signal.

In still another embodiment, in the telescopic amplifier
described above, when the mverted clock signal 1s active,
the voltage across the first sample hold capacitor 1s a
reference common mode voltage received at the reference
common mode input minus a bias voltage received at the
bias voltage mnput, and the voltage across the second sample
hold capacitor 1s the reference common mode voltage
received at the reference common mode 1input minus the bias
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voltage received at the bias voltage mput. In another
embodiment, i1n the telescopic amplifier described above,
whereby when the clock signal 1s active, the first common
mode feedback capacitor 1s shorted to the first sample hold
capacitor, and the second common mode feedback capacitor
1s shorted to the second sample hold capacitor.

In a further embodiment, 1mn the telescopic amplifiers
described above, a common mode feedback open loop gain
transier function of the telescopic amplifier has a dominant
pole due to a load capacitance comprising a sum of the first
positive output capacitor and a routing capacitance at the
first output terminal, and the common mode feedback open
loop gain transter function of the telescopic amplifier further
has a non-dominant pole due to the resistor.

In still another embodiment of the telescopic amplifier,
the non-dominant pole 1s located at a frequency P2 that 1s
approximately equal to a quantity (C,., +C.,,/RpoleC ., -
C,,7), Where a capacitance C_,, 1s a sum of the first and
second common mode feedback capacitors and the first and
the second sample and hold capacitors, a capacitance C,,,
1s a sum of the gate to source capacitance of the tail transistor
plus the gate to drain capacitance of the tail transistor plus
a parasitic routing capacitance at the gate of the tail tran-
sistor, and a resistance Rpole 1s a value of the resistor.

In another embodiment, a telescopic amplifier includes a
differential input stage for recerving a positive mput signal
and a complementary input signal comprising a first input
transistor having a gate terminal coupled to a positive input
terminal, and a second input transistor having a gate terminal
coupled to a complementary mnput terminal, the first mput
transistor having a drain and the second mnput transistor
having a drain; a differential output stage for outputting a
positive output signal and a complementary output signal
comprising a first output transistor having a source coupled
to the drain of the first mput transistor and having a first
current source coupled to a drain of the first output transistor,
and a second output transistor having a source coupled to the
drain of the second input transistor and having a second
current source coupled to a draimn of the second output
transistor, and a first output terminal coupled to the drain of
the first output transistor, and a second output terminal
coupled to the drain of the second output transistor; a tail
current transistor having a drain coupled to a common
source node coupled to a source of each of the first and the
second 1nput transistors, and having a source coupled to a
ground potential, and having a gate terminal coupled to a tail
gate node; a common mode feedback circuit having a first
teedback mput coupled to the first output terminal, and a
second feedback input coupled to the second output termi-
nal, and having a common mode reference signal 1nput; and
having a common mode output; and a circuit element
coupled between the common mode output and the tail gate
node; whereby a non-dominant pole 1s formed 1n a common
mode feedback open loop gain transfer function of the
telescopic amplifier, due to the circuit element.

In another embodiment, a pipelined ADC converter
includes an input terminal for receiving an analog input
voltage; an N-bit ADC coupled to the input terminal for
outputting a quantized digital signal; an N-bit DAC coupled
to the quantized digital signal and outputting an analog
voltage corresponding to the quantized digital signal; a
sample and hold circuit coupled to sample and hold an
analog mput voltage received at the mput terminal; a sum-
mer circuit coupled to the sample and hold circuit and to the
analog voltage corresponding to the quantized digital signal,
outputting a difference voltage that 1s a residue voltage
obtained from subtracting the analog voltage corresponding
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to the quantized digital signal from the sample and hold
analog voltage; and a telescopic amplifier coupled to the
summer circuit to amplify the residue voltage, turther com-
prising: a differential input stage for receiving a positive
input signal and a complementary input signal comprising a
first 1nput transistor having a gate terminal coupled to a
positive input terminal, and a second 1nput transistor having,
a gate terminal coupled to a complementary input terminal,
the first input transistor having a drain and the second input
transistor having a drain; a diflerential output stage for
outputting a positive output signal and a complementary
output signal comprising a first output transistor having a
source coupled to the drain of the first input transistor and
having a first current source coupled to a drain of the first
output transistor, and a second output transistor having a
source coupled to the drain of the second 1nput transistor and
having a second current source coupled to a drain of the
second output transistor, and a first output terminal coupled
to the drain of the first output transistor, and a second output
terminal coupled to the drain of the second output transistor;
a tail current transistor having a drain coupled to a common
source node coupled to a source of each of the first and the
second 1nput transistors, and having a source coupled to a
ground potential, and having a gate terminal coupled to a tail
gate node; a common mode feedback circuit having a first
teedback iput coupled to the first output terminal, and a
second feedback mput coupled to the second output termi-
nal, and having a common mode reference signal input; and
having a common mode output; and a circuit element
coupled between the common mode output and the tail gate
node, whereby a non-dominant pole 1s formed 1n a common
mode feedback open loop gain transfer function of the
telescopic amplifier, due to the circuit element. In a further
embodiment, 1 the pipelined ADC converter described
above, the circuit element 1n the telescopic amplifier further
comprises a resistor. In a further embodiment, in the pipe-
lined ADC converter above, the common mode feedback
open loop gain transfer function of the telescopic amplifier
has a dominant pole due to a load capacitance comprising
the sum of an output capacitor coupled to the first output
terminal and a routing capacitance at the first output termi-
nal, and the common mode feedback open loop gain transier
function has a non-dominant pole due to the resistor.
Previously, use of the telescopic amplifier as a residue
amplifier was sometimes considered inappropriate, as the
common mode settling characteristics of the telescopic
amplifier circuit were poor. Recognition 1n the embodiments
of a simple solution that provides improved common mode
settling due to use of the telescopic amplifier circuits of the
embodiments surprisingly overcomes the problems and defi-
ciencies of the prior art circuits, without requiring additional

power, and without degrading the differential performance
characteristics of the telescopic amplifier.

BRIEF DESCRIPTION OF THE DRAWINGS

For a more complete understanding of the illustrative
embodiments described herein and the advantages thereof,
reference 1s now made to the following descriptions taken in
conjunction with the accompanying drawings, in which:

FI1G. 1 illustrates 1n a simplified circuit diagram a prior art
telescopic amplifier circuit;

FIG. 2 illustrates in a simplified circuit diagram an
embodiment telescopic amplifier;

FI1G. 3 illustrates in another simplified circuit diagram an
additional embodiment telescopic amplifier;
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FIG. 4 illustrates 1n a sstmplified block diagram a pipelined
analog to digital converter in an example application for use

with the embodiments;

FIG. 5 1illustrates 1in a simplified circuit diagram a single
stage of the pipelined analog to digital converter of FIG. 4,
including a telescopic amplifier of the embodiments; and

FIG. 6 1llustrates 1n a stmplified circuit diagram a residue
amplifier for use 1n the single stage of the pipelined ADC
converter of FIG. §, incorporating a telescopic amplifier of
the embodiments.

Corresponding numerals and symbols i the different
figures generally refer to corresponding parts unless other-
wise indicated. The figures are drawn to clearly 1llustrate the
relevant aspects of the embodiments and are not necessarily
drawn to scale.

"y

DETAILED DESCRIPTION

The making and using of example illustrative embodi-
ments are discussed 1n detail below. It should be appreciated,
however, that the embodiments provide many applicable
inventive concepts that can be embodied 1n a wide variety of
specific contexts. The specific embodiments discussed are
merely 1llustrative of specific ways to make and use the
various embodiments, and the examples described do not
limit the scope of the specification, or the scope of the
appended claims.

For example, when the term “coupled” 1s used herein to
describe the relationships between elements, the term as
used 1n the specification and the appended claims is to be
interpreted broadly, and 1s not to be limited to “connected”
or “directly connected” but instead the term “coupled” may
include connections made with intervening elements, and
additional elements and various connections may be used
between any elements that are “coupled”.

In the embodiments, novel solutions are provided to
improving the common mode settling performance of a
telescopic amplifier. The embodiments overcome the prob-
lems of the known prior approaches. In a first embodiment,
it 1s recognized that in the prior art circuits, the common
mode feedback open loop gain has a single pole. However,
it 1s comprehended 1n the embodiments that for a given
common mode feedback unity gain bandwidth, a two pole
system has a faster settling time than a single pole system.
Because the common mode feedback unity gain bandwidth
1s small compared to the other poles present 1n the system
(because the other poles are designed for differential settling,
not for common mode), 1t 1s surprisingly discovered that the
common mode settling for the telescopic amplifier may be
improved by using a two pole system, with a second
non-dominant pole located away from the first dominant
pole. The second pole should be placed so that the system
has proper phase margin, that 1s, so the system is properly
damped, but 1s not overdamped, and thus has fast common
mode feedback settling.

FIG. 2 1illustrates in a simplified circuit diagram an
example circuit embodiment 50 that provides the new sec-
ond pole.

In FIG. 2, a telescopic amplifier circuit 50 1s shown. In
some respects the circuit 50 1s the same as circuit 10 shown
in FIG. 1. The input sampling circuit 60 1s shown coupled to

the differential output terminals OUTP and OUTM, which
are taken at the drains of the cascode transistors MNCASP

and MNCASM. The differential inputs INP and INM are
coupled to the gates of input diflerential transistors MININP
and MNINM. The tail transistor MNTAIL 1s again coupled

to the common sources of the input differential transistors
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MNINP and MNINM. The common mode feedback 1is
provided by coupling the output terminals OUTP and
OUTM to the mputs of switched capacitor common mode
teedback circuit 70, which 1n this example 1s 1dentical to the
common mode feedback circuit 30 in FIG. 1.

In FIG. 2, the telescopic amplifier as shown 1n FIG. 1 1s
modified 1n that an additional circuit element 1s placed
between the output of common mode feedback circuit 70, at
node CMOU'T, and the gate of the tail transistor MNTAIL at
node TAIL_GATE. In this example illustrative embodiment,
a resistance 1n the form of an added resistor labeled Rpole
1s used for the added circuit element. The remainder of the
clements of telescopic amplifier circuit 50 shown 1n FIG. 2
are connected 1n the same way as 1n telescopic amplifier
circuit 10, shown 1n FIG. 1.

The common mode feedback open loop gain expression
for the circuit 50 can now be expressed as:

LPG=pGmntail/2(Crs+gd)(1+(SR ,,1.C casCrarr/Ceprt
Cram)

The location of the new non-dominant pole 1s given by:

(Equation 6)

PZ:CCWCTAIL/RPGZE CCMCTAIL (Equa.tlﬂﬂ 7)

The location of the non-dominant pole should be selected
to provide proper damping ol the system. A critically
damped system will have a damping factor of 1, which for
a two pole transfer function will be obtained by placing the
pole P2 at the frequency 4w,,.,. This frequency for the
second pole correlates to a phase margin of 76 degrees, the
critically damped condition for a two pole system, which
will prevent oscillation and instability (which can occur for
an underdamped case) without unduly slowing the system
(which can occur for an overdamped case). Since the
embodiments provide the circuit designer a variable (the
value of Rpole) to control the phase margin obtained, 1n an
embodiment the value for Rpole may be selected to obtain
critical damping of the common mode feedback system.
However, 1n alternative embodiments, other similar phase
margin values could be chosen by varying the value of the
added resistance Rpole, so long as the common mode
settling 1s improved and the system 1s properly damped and
1s stable. Accordingly, other phase margins could be
selected, such as 70 degrees, that have good performance,
and the value for Rpole can be varied to obtain the desired
damping factor. Circuit simulations may be used to optimize
the value for Rpole 1n a given semiconductor process.

By substitution, the value for the resistor Rpole for the
critically damped case described above can now be deter-
mined as:

RPGEEZ(CL/ZﬁE Cryp Gmntail) (Equation 7)

Thus the use of the telescopic amplifier circuit embodi-
ment of FIG. 2 surprisingly provides the new non-dominant
pole by incorporating a simple added resistance. The com-
mon mode settling performance of the telescopic amplifier 1s
advantageously improved by use of the embodiments (be-
cause for a given common mode feedback unity gain band-
width, a two pole system settles faster than a single pole
system). For a small settling error, the two pole system
requires only half the bandwidth of the single pole system.
The advantages achieved by the use of the embodiments are
surprisingly attained without added power consumption 1n
the circuit. Further, the common mode settling of the tele-
scopic amplifier 1s improved with no impact on the common
mode feedback bandwidth, because the added resistance
does not aflect the location of the dominant pole. The added
resistance may add some noise, but because the noise 1s in
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the common mode, 1t 1s rejected in the differential stage.
That 1s, any noise added by the added resistance in the
common mode feedback path 1s not differential noise.

FIG. 3 illustrates another embodiment telescopic ampli-
fier 55 that also provides a second, non-dominant pole that
1s used to improve common mode settling. In FIG. 3, a less
preferred approach 1s used to provide the second pole.
Instead of adding a circuit element that is a resistor between
the common mode feedback circuit output and the gate of
the tail current transistor MNTAIL to create the second pole,
as 1n FIG. 2, in this alternative embodiment a source
tollower transistor, labeled MPOLE, 1s coupled between the
output of the common mode feedback circuit 30, at mode
CMOUT, and the gate of the tail transistor MNTAIL, at node
TAIL_GATE.

While the use of the source follower transistor MPOLE 1n
the common mode feedback path of FIG. 3 will also provide
the needed second pole, and thus reduce the common mode
settling time for the telescopic amplifier 35 over the prior art
circuits, the use of the source follower transistor MPOLE as
shown 1 FIG. 3 will also require additional power, and
requires another bias circuit Ist, and will slightly reduce the
common mode feedback bandwidth. Thus the circuit 35 of
FIG. 3 1llustrates an additional embodiment that 1s contem-
plated as a useful alternative to the embodiment of FIG. 2,
and which falls within the scope of the appended claims.
However, the embodiment shown i FIG. 2 1s preferred over
this alternative embodiment 1in FIG. 3, because 1n the
embodiment of FIG. 2, no additional power 1s required, no
added bias circuit 1s needed, and the overall impact on the
performance of the telescopic amplifier 1s less.

By adding the second pole as described in the embodi-
ments above, improved common mode settling in telescopic
amplifiers 1s unexpectedly achieved with little or no addi-
tional power and with almost no reduction 1n the common
mode feedback unity gain bandwidth. Improving the com-
mon mode settling improves the slew rate of the telescopic
amplifier circuit and the differential settling, as the biasing
current settles faster in the input transistors.

FIG. 4 illustrates 1n a sstmplified block diagram a pipelined
analog to digital converter (ADC) 80 to illustrate an appli-
cation where the embodiments may be advantageously used.
In FIG. 4, an analog voltage 1s received at an input terminal
Vin. A plurality of identical stages of ADC converters
labeled Stage 1, Stage 2, etc. are arranged 1n succession and
are coupled to one another. Each ADC stage outputs n bits
of quantized data. The number of bits n for a given stage
may be 1, 2 or more and may be as much as 5, 6 or more.
That 1s, the number of bits n can vary. The number of ADC
stages Stage 1, Stage 2, etc. can also vary. The stages each
also output a residue voltage, which 1s the voltage that i1s
input to the next successive ADC stage. The final ADC stage
1s only a m-bit ADC converter that has no voltage residue
output. The quantized output i1s then collected, and time
alignment and error correction 1s performed, as shown by the
block labeled “Time alignment/Error correction™ 1n FIG. 4.
Finally an output that 1s a digital representation of the analog
voltage Vin 1s obtained. This digital output has s(n-1)+m
bits.

In FIG. 4, each ADC pipelined stage, Stage 1, Stage 2 efc.
can be implemented as an 1dentical ADC-DAC circuit. FIG.
5 1llustrates the ADC-DAC circuit 81 1n a simplified circuit
diagram. In FIG. 5, the input voltage Vin 1s an analog
voltage, for example 1t may be a residue voltage from the
prior stage. The mput voltage 1s recerved mto a flash analog
to digital converter labeled “N-bit ADC” that outputs n
quantized bits. These n bits are also immediately taken into
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a digital to analog converter labeled “N-bit DAC”. The
output of the N-bit DAC 1s an analog voltage corresponding
to the voltage represented by the quantized bits n. The input
voltage Vin 1s also received 1nto a sample and hold function
labeled “S&H”. The sampled voltage 1s then mput to a
summer 83 that subtracts the analog output of the N-bit DAC
(analog version of the quantized voltage) from the sampled
analog input voltage, forming an output which 1s the difler-
ence between the quantized voltage and the input voltage,
called the residue. In some pipelined ADC converters that
use switched capacitor circuitry, a multiplying DAC or
“MDAC” circuit performs the sample and hold, and the
N-bit DAC functions. The residue signal 1s then mput into
amplifier 85, the residue amplifier. In a typical ADC con-
verter, the residue amplifier 85 1s a differential input ampli-
fier and outputs differential outputs, the amplified residue
voltage, for sampling by the next successive stage n the
pipelined ADC circuit.

In an ADC application incorporating the embodiments,
the telescopic amplifiers of either FIG. 2 or FIG. 3 can be
used, for example, as the residue amplifier 85 of each of the
ADC stages. Therefore additional embodiments which are
pipelined ADC circuits are also contemplated by the inven-
tors herein. These additional embodiments are formed by
using the embodiment telescopic amplifiers 1n a pipelined
ADC converter. These additional embodiments are also
within the scope of the appended claims.

FIG. 6 1llustrates 1n another simplified circuit diagram an
embodiment of the telescopic amplifier 90 using the added
resistance RPOLE to improve the common mode settling,
configured for use as the residue amplifier of FI1G. 5. In FIG.
6, telescopic amplifier 90 1s a telescopic amplifier embodi-
ment such as amplifier 50 of FIG. 2, now connected for use
as a residue amplifier 85 1n the pipelined ADC stage 81 of
FIG. 5, for example. The differential inputs INP and INM
again are coupled to the gates of the input stage transistors
MNINP and MNINM. The cascode output transistors
MNCASP and MNCASM form a differential output pair and
the drain terminals are coupled to the differential outputs,
now labeled VRESP and VRESM, for transmitting the
residue voltage to the next stage circuit of the pipelined ADC
converter. The common mode feedback circuit 91 1s a
switched capacitor circuit as 1s described above and has an
output signal CMOUT that i1s coupled to the gate of tail
transistor MNTAIL by the added resistor Rpole. Thus an
embodiment 1s formed by forming a pipelined ADC con-
verter having multiple ADC stages, each including a residue
amplifier that 1s the telescopic amplifier implemented by
using one of the embodiment telescopic amplifiers such as
shown 1 FIG. 2, or FIG. 3, as described above, and having
the improved common mode settling performance.

Although the example embodiments have been described
in detail, 1t should be understood that various changes,
substitutions and alterations can be made herein without
departing from the spirit and scope of the application as
defined by the appended claims.

Moreover, the scope of the present application i1s not
intended to be limited to the particular embodiments of the
process, machine, manufacture, and composition of matter,
means, methods and steps described 1n the specification. As
one of ordinary skill in the art will readily appreciate from
the disclosure, processes, machines, manufacture, composi-
tions ol matter, means, methods or steps, presently existing,
or later to be developed, that perform substantially the same
function or achieve substantially the same result as the
corresponding embodiments described herein may be uti-
lized according to the embodiments and alternative embodi-
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ments. Accordingly, the appended claims are intended to
include within their scope such processes, machines, manu-
facture, compositions of matter, means, methods, or steps.

What 15 claimed 1s:

1. A telescopic amplifier, comprising:

an 1nput stage comprising a first input transistor having a
gate terminal coupled to a positive input terminal, and
a second mput transistor having a gate terminal coupled
to a complementary mnput terminal;

an output stage comprising a first output transistor having
a source coupled to a drain of the first input transistor
and having a first current source coupled to a drain of
the first output transistor, and a second output transistor
having a source coupled to a drain of the second 1nput
transistor, and having a second current source coupled
to a drain of the second output transistor, a first output
terminal coupled to the drain of the first output tran-
sistor, and a second output terminal coupled to the drain
of the second output transistor, the first and second
output transistor each having gates coupled to a bias
voltage terminal;

a tail current transistor having a draimn coupled to a
common source node coupled to the source of each of
the first and second input transistors, having a source
coupled to a ground potential, and having a gate
terminal coupled to a tail gate node;

a common mode feedback circuit having a first feedback
input coupled to the first output terminal, and a second
feedback mput coupled to the second output terminal,
the common mode feedback circuit further having a
common mode reference signal input, and a common
mode output; and

a resistor coupled between the common mode output and
the tail gate node.

2. The telescopic amplifier of claim 1, further comprising,

a switched capacitor sampling circuit coupled to the first
output terminal and to the second output terminal, the
switched capacitor sampling circuit having a first sampling
transistor and a first positive output capacitor coupled to
sample the voltage at the first output terminal, the switched
capacitor sampling circuit further having a second sampling
transistor and a first complementary output capacitor
coupled to sample the voltage at the second output terminal,
responsive to a clock signal coupled to gates of the first
sampling transistor and the second sampling transistor.

3. The telescopic amplifier of claim 2, wherein the com-
mon mode feedback circuit further comprises a switched
capacitor circuit.

4. The telescopic amplifier of claim 3 wherein the com-
mon mode feedback circuit further comprises:

a {irst transistor coupled between the first output terminal

and a first plate of a first sample and hold capacitor;

a second transistor coupled between a reference common
mode mput and the first plate of the first sample and
hold capacitor;

a third transistor coupled between the common mode
output and a bias node that 1s coupled to a second plate
of the first sample and hold capacitor;

a fourth transistor coupled between the bias node and a
bias voltage input terminal;

a {ifth transistor coupled between the second output
terminal and a first plate of a second sample and hold
capacitor, the second sample and hold capacitor having
a second plate coupled to the bias node;

a sixth transistor coupled between the reference common
mode mput and the first plate of the second sample and
hold capacitor;
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a first common mode feedback capacitor having a first
plate coupled to the first output terminal, and a second
plate coupled to the common mode output;

a second common mode feedback capacitor having a first
plate coupled to the second output terminal and a
second plate coupled to the common mode output; and

the second, fourth and sixth transistors each having a gate
coupled to an 1nverted clock signal, and the first, third
and fifth transistors each having a gate coupled to a
clock signal, the clock signal being non-overlapping
with the mverted clock signal.

5. The telescopic amplifier of claim 4, wherein when the
iverted clock signal 1s active, the voltage across the first
sample and hold capacitor 1s a reference common mode
voltage received at the reference common mode input minus
a bias voltage received at the bias voltage input, and the
voltage across the second sample and hold capacitor 1s the
reference common mode voltage received at the reference
common mode input minus the bias voltage received at the
bias voltage input.

6. The telescopic amplifier of claim 5, wherein when the
clock signal 1s active, the first common mode feedback
capacitor 1s shorted to the first sample and hold capacitor,
and the second common mode feedback capacitor 1s shorted
to the second sample and hold capacitor.

7. The telescopic amplifier of claim 4, wherein a common
mode feedback open loop gain transfer function of the
telescopic amplifier has a dominant pole due to a load
capacitance comprising a sum of the first positive output
capacitor and a routing capacitance at the first output ter-
minal, and the common mode feedback open loop gain
transier function of the telescopic amplifier further has a
non-dominant pole due to the resistor.

8. The telescopic amplifier of claim 7, wherein the non-
dominant pole 1s located at a frequency P2 that is approxi-
mately equal to a quantity (C, +C.,/RpoleC -, C ),
where a capacitance C,,, 1s a sum of the first and second
common mode feedback capacitors and the first and the
second sample and hold capacitors, a capacitance C..,,, 1s a
sum of the gate to source capacitance of the tail transistor
plus the gate to drain capacitance of the tail transistor plus
a parasitic routing capacitance at the gate of the tail tran-
sistor, and a resistance Rpole 1s a value of the resistor.

9. The telescopic amplifier of claim 8, where a value for
Rpole, the resistor, 1s a value needed to place the non-
dominant pole to provide critical damping of the common
mode feedback open loop gain of the telescopic amplifier.

10. The telescopic amplifier of claim 8, where a value for
Rpole, the resistor, 1s determined to be approximately equal
to a quantity (C,/28°C,.,,,Gmntail), where a capacitance
C,,;7 1s a sum of the gate to source capacitance of the tail
transistor plus the gate to drain capacitance of the tail
transistor plus a parasitic routing capacitance at the gate of
the tail transistor, a capacitance C; 1s a sum of the first output
capacitor at the first output terminal plus the parasitic
routing capacitance at the first output terminal, Gmntail 1s
equal to a transconductance of the tail transistor, and 3 1s a
rat1o (C 4 /C ~~1,+C+,;7) Where a capacitance C,,, 1s a sum
of the first and second common mode feedback capacitors
and the first and the second sample and hold capacitors.

11. A telescopic amplifier, comprising:

a differential mput stage for receiving a positive input
signal and a complementary mnput signal comprising a
first 1input transistor having a gate terminal coupled to
a positive mput terminal, and a second 1nput transistor
having a gate terminal coupled to a complementary

10

15

20

25

30

35

40

45

50

55

60

65

14

input terminal, the first input transistor having a drain
and the second input transistor having a drain;

a differential output stage for outputting a positive output
signal and a complementary output signal comprising a
first output transistor having a source coupled to the
drain of the first mput transistor and having a first
current source coupled to a drain of the first output
transistor, and a second output transistor having a
source coupled to the drain of the second input tran-
sistor and having a second current source coupled to a
drain of the second output transistor, and a first output
terminal coupled to the drain of the first output tran-
sistor, and a second output terminal coupled to the drain
of the second output transistor;

a tail current transistor having a drain coupled to a
common source node coupled to a source of each of the
first and the second input transistors, and having a
source coupled to a ground potential, and having a gate
terminal coupled to a tail gate node;

a common mode feedback circuit having a first feedback
input coupled to the first output terminal, and a second
feedback mput coupled to the second output terminal,
the common mode feedback circuit further having a
common mode reference signal input, and a common
mode output; and

a circuit element coupled between the common mode
output and the tail gate node, the circuit element being,
at least one of a source follower transistor and a
resistor; whereby a non-dominant pole 1s formed in a
common mode feedback open loop gain transfer func-
tion of the telescopic amplifier, due to the circuit
clement.

12. The telescopic amplifier of claim 11, wherein the

circuit element 1s the source follower transistor.

13. The telescopic amplifier of claim 11, wherein the
circuit element 1s the resistor.

14. The telescopic amplifier of claim 13, wherein the
common mode feedback circuit 1s a switched capacitor
circuit that further comprises:

a {irst transistor coupled between the first output terminal

and a first plate of a first sample and hold capacitor;

a second transistor coupled between a reference common
mode mput and the first plate of the first sample and
hold capacitor;

a third transistor coupled between the common mode
output and a bias node;

a fourth transistor coupled between the bias node and a
bias voltage input terminal, the bias node further
coupled to a second plate of the first sample and hold
capacitor;

a fifth transistor coupled between the second output
terminal and a first plate of a second sample and hold
capacitor, the second sample and hold capacitor having,
a second plate coupled to the bias node;

a sixth transistor coupled between the reference common
mode mput and the first plate of the second sample and
hold capacitor;

a first common mode feedback capacitor having a first
plate coupled to the first output terminal, and a second
plate coupled to the common mode output;

a second common mode feedback capacitor having a first
plate coupled to the second output terminal and a
second plate coupled to the common mode output; and

the second, fourth and sixth transistors each having a gate
coupled to an mverted clock signal, and the first, third
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and fifth transistors having a gate coupled to a clock
signal, the clock signal being non-overlapping with the
iverted clock signal.

15. The telescopic amplifier of claam 14, and further
comprising a switched capacitor sampling circuit coupled to
the first output terminal and to the second output terminal,
the switched capacitor sampling circuit having a first sam-
pling transistor and a first positive output capacitor coupled
to sample the voltage at the first output terminal, the
switched capacitor sampling circuit further having a second
sampling transistor and a first complementary output capaci-
tor coupled to sample the voltage at the second output
terminal, responsive to the clock signal.

16. The telescopic amplifier of claim 15, where a value for
the resistor 1s determined so as to place the non-dominant
pole to provide critical damping of a common mode feed-
back open loop gain of the telescopic amplifier.

17. The telescopic amplifier of claim 16, where a value for
the resistor 1s determined to be approximately equal to a
quantity C,/2p>C,.,,, Gmntail, where a capacitance C,,, is
a sum ol a gate to source capacitance of the tail transistor
plus a gate to drain capacitance of the tail transistor plus a
parasitic routing capacitance at the gate of the tail transistor,
a capacitance C, 1s a sum of the first positive output
capacitor plus the parasitic routing capacitance at the first
output terminal, Gmntail 1s a transconductance of the tail
transistor, and p 1s a ratio C -, /C -, +C -, ,7, where a capaci-
tance C_,,1s a sum of the first and second common mode
teedback capacitors, and the first and the second sample and
hold capacitors.

18. A pipelined analog to digital coverter (ADC) con-
verter, comprising:

an 1mput terminal for receiving an analog input voltage;

an N-bit ADC coupled to the input terminal for outputting,
a quantized digital signal;

an N-bit digital to analog converter (DAC) coupled to the
quantized digital signal and outputting an analog volt-
age corresponding to the quantized digital signal;

a sample and hold circuit coupled to sample and hold an
analog 1nput voltage received at the mput terminal;

a summer circuit coupled to the sample and hold circuit
and to the analog voltage corresponding to the quan-
tized digital signal, outputting a difference voltage that
1s a residue voltage obtained from subtracting the
analog voltage corresponding to the quantized digital
signal from the sample and hold analog voltage; and

a telescopic amplifier coupled to the summer circuit to
amplily the residue voltage, further comprising:
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a differential input stage for recerving a positive input
signal and a complementary input signal comprising
a first input transistor having a gate terminal coupled
to a positive input terminal, and a second input
transistor having a gate terminal coupled to a
complementary input terminal, the first input tran-
sistor having a drain and the second input transistor
having a drain;

a differential output stage for outputting a positive
output signal and a complementary output signal
comprising a first output transistor having a source
coupled to the drain of the first input transistor and

having a first current source coupled to a drain of the

first output transistor, and a second output transistor
having a source coupled to the drain of the second
input transistor and having a second current source
coupled to a drain of the second output transistor, and
a first output terminal coupled to the drain of the first
output transistor, and a second output terminal
coupled to the drain of the second output transistor;

a tail current transistor having a drain coupled to a
common source node coupled to a source of each of
the first and the second 1nput transistors, and having,
a source coupled to a ground potential, and having a
gate terminal coupled to a tail gate node;

a common mode feedback circuit having a first feed-
back input coupled to the first output terminal, and a
second feedback 1nput coupled to the second output
terminal, the common mode feedback circuit further
having a common mode reference signal input, and
a common mode output; and

a circuit element coupled between the common mode
output and the tail gate node, whereby a non-domi-
nant pole 1s formed in a common mode feedback
open loop gain transier function of the telescopic
amplifier, due to the circuit element.

19. The pipelined ADC converter of claim 18, wherein the
circuit element 1n the telescopic amplifier further comprises
a resistor.

20. The pipelined ADC converter of claim 19, wherein the
common mode feedback open loop gain transfer function of
the telescopic amplifier has a dominant pole due to a load
capacitance comprising the sum of an output capacitor
coupled to the first output terminal and a routing capacitance
at the first output terminal, and the common mode feedback
open loop gain transfer function has a non-dominant pole
due to the resistor.
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